Abstract: The mandible exists in a unique mechanical environment subjected to occlusal force and other functional pressures. In dentulous humans, differences in occlusal force and position are believed to be closely linked to the mandible's structural characteristics. The mechanical environment that this bone occupies is difficult to evaluate qualitatively, and it is therefore assessed indirectly by quantitative determination of bone mineral density (BMD). However, in order to understand the loading environment of the human mandible, we must also evaluate local bone quality. In the present study, we therefore sought to identify the structural properties of each tooth in the dentulous human mandible by qualitatively evaluating the crystalline orientation of biological apatite (BAp) as a marker of bone quality. After dividing the area from the alveolar ridge to the apical foramen surrounding the first and second premolar and molar regions of the Japanese dentulous mandible, we measured BAp crystalline orientation and BMD at a total of 4 sites including 2 on the buccal side and 2 on the lingual side. As a result, the orientation of BAp crystallites showed a significant difference between premolar and molar regions, namely preferred orientation in a direction vertical to the occlusal plane (Y-axis) was high for the premolar region and low for the molar region (p < 0.01). These findings indicated that quantitative evaluation of BAp crystallite orientations in the mandibular cortical bone has been revealed to be an effective parameter regarding the local loads that are applied to the human mandible. It was suggested that the distribution map of BAp crystallite orientations in the mandibular cortical bone based on this study would be valuable for planning the prosthodontic treatment in molar and/or premolar regions.
Introduction
The mandible exists in a unique mechanical environment subjected to occlusal force and other functional pressures. Hart et al. reported that loads applied to the partially edentulous human mandible via the teeth generate bending stresses in the mandibular ramus and molar regions 1) . Moreover, Takayanagi et al. reported that the distribution of stress to the dentulous human mandible and temporomandibular joint (TMJ) varies according to occlusal position 2) . In other words, occlusal force and occlusal position are strongly correlated with the structural properties of the mandible. However, it is difficult to quantitatively evaluate this imperceptible mechanical environment. It has therefore been indirectly determined by quantitative assessment of bone mineral density (BMD), which is strongly correlated with bone strength, but BMD does not provide adequate information for assessing local bone strength 3, 4) .
In recent years, bone quality has garnered attention in addition to bone mineral density (BMD) as a parameter for evaluating bone strength 5) . Biological apatite (BAp) crystallites in particular have a very anisotropic hexagonal crystal structure that makes the orientation of their C-axis remarkably responsive to local stress.
Some investigators reported that areas subjected to mechanical stress and the direction of this stress could be surmised by evaluating BAp orientation [6] [7] [8] [9] [10] . Meanwhile, in a study evaluating 7-8 mm areas of mandible, Bacon et al. found a correlation between the mechanical stress generated by the muscles attached to the mandible and the orientation of BAp crystals 11) . Furthermore, in an animal experiment using microbeam X-ray diffraction to evaluate local bone with an area of several tens of micrometers, Nakano et al. demonstrated that BAp crystals possess site-specific anisotropy 6, 12, 13) . Morioka and Furuya et al. analyzed the orientation of BAp crystallites in the cortical bone of dentulous human mandible specimens and found that it was site-specific, varying in the alveolar part and mandibular base, and aligning in the direction of forces applied to the alveolar part near the teeth 14, 15) . However, insufficient research has been performed on the orientation of BAp crystallites in regions of cortical bone in the molar region of the dentulous human mandible where the orientation differs for each type of tooth. We therefore surmised that by dividing the alveolar part into detailed sections and analyzing their respective BAp crystallite orientations, we were able to shed some light on the local loads that are applied to the dentulous human mandible.
In the present study, we therefore sought to demonstrate the structural features of different areas in the dentulous human mandible by quantitatively evaluating BAp crystallite orientations in the cortical bone surrounding premolars and molars.
Materials and Methods

Samples
Fully dentulous mandibles from 4 adult Japanese cadavers with no history of metabolic bone disease that were donated for use in the Tokyo Dental College's anatomy course (3 male and 1 female cadavers, mean age: 47.0 years). One mandible showed remarkable malalignment of residual teeth on left side, therefore 7 unilateral mandibular specimens were used for the study. The facets of the upper and lower molar occlusal surfaces were checked visually and deemed to have related with functional mandibular movement. This study was conducted after receiving approval from the Tokyo Dental College's Ethical Review Board (Approval Number 452).
Micro-CT imaging
Samples were imaged using a micro-CT system (HMX225-Actis4, Tesco Corporation, Tokyo, Japan) with an X-ray tube voltage of 140 kV, tube current of 85 ìA, magnification of 3×, slice width of 50 m, field of reconstruction of 62 mm, and matrix size of 512 × 512. Stereo images were fabricated using 3D
analytical software (TRI/3D-BON, Ratoc system engineering Corporation, Tokyo, Japan) to confirm the internal structure of the samples.
Measurement sites
Cadavers were fixed in 10% formalin solution before being dewatered in ethanol for use in the experiment. After obtaining a frontal section of the area mesial to the first premolar and distal to the second molar using a diamond cutter (FineCUT, Heiwa Technica, Tokyo, Japan), the section was embedded in perpendicular to the occlusal plane of the following 5 areas: area between the first and second premolars (Co1); area between the second premolar and first molar (Co2); the apical bifurcation of the first molar root (Co3); the area between the first and second molars (Co4); and the apical bifurcation of the second molar root (Co5) (Fig. 1 ). Waterproof sandpaper (#400 #800 # 1200) was used to remove any coarseness from the sectioned sample surfaces.
Measurement sites of the frontally sectioned samples were 4 sites at the area corresponding to the tooth sockets, namely the buccal and lingual aspects and the alveolar ridge and apical foramen. Each of these sites is indicated by I to IV in Fig. 2 .
BAp crystal orientation
Quantitative analysis of BAp crystal orientation was performed with a microbeam X-ray diffractometer employing both reflection The incident beam was focused on a spot 100 ìm in diameter using a collimator. Sample axes were mesiodistal direction on the Xaxis, vertical direction to the occlusal plane on the Y-axis, and buccolingual direction on the Z-axis (Fig. 3) . Samples were initially measured on the X-axis using the reflection optical system, with the diffraction X-ray beam detected using a curved position sensitive proportional counter. Next, samples were measured on the Y-and Z-axes using the transmission optical system. Measurement conditions were the same as those used by Nakano et al. 7, 12) . The transmission diffractometer produced diffraction rings on the imaging plate (IP) with diffraction lines. The extent of BAp crystal alignment was then evaluated by reading the IP with detection software (3DS, Rigaku, Tokyo, Japan) and calculating the intensity ratio of 2 diffraction peaks, namely (002) and (310). Non-oriented hydroxyapatite powder was used as the control. Statistical significance was set at P < 0.05.
Results
BAp orientation
The results of two-way ANOVA of BAp orientation for Factors A and B are shown on the X-axis in Table 1 , the Y-axis in Table 2 and the Z-axis in Table 3 . There was a significant difference between the respective levels for Factors A and B on the X-axis (Factor A: P < 0.05, Factor B: P < 0.01). There was also a significant difference between the respective levels for Factors A and B on the Y-axis (Factor A: P < 0.01, Factor B: P < 0.05).
However, there was no significant difference between the respective levels for Factors A and B on the Z-axis. Fig. 4 shows the results of Factors A and B for BAp orientation on the X-axis measured using the reflection diffractometer. The intensity ratio of the non-oriented powder HAp (002)/(310) used as the control was 1.21. Co1 was low and Co3 was high for Factor A, and there was a significant difference between them (Co1-Co3 (P < 0.05)). In Factor B, I and II were low and IV was high, and there was a significant difference between them (I-IV/ II-IV (P < 0.01)). highest for Factor A, followed by Co3 and Co5, while Co4 was lowest, and there were significant differences between them (Co1-Co4/ Co2-Co4 (P < 0.01), Co3-Co4/Co5-Co4 (P < 0.05)). In Factor B, II was high and III was low, and there was a significant difference between them (II-III (P < 0.05)). Fig. 6 shows the results of Factors A and B on the Z-axis measured using the transmission diffractometer. There were no significant differences between the respective levels.
BMD
The results of two-way ANOVA of BMD for Factors A and B are shown in Table 4 . There was no significant difference between the respective levels for Factors A and B.
The BMD values for Factors A and B are shown in Fig. 7 .
There were no significant differences between the respective levels. 
Correlation between BAp and BMD
Discussion
BAp orientation
The results of the present study showed that the preferred Yaxis orientation for Factor A (Co1, Co2, Co3, Co4 and Co5) was high for Co1 and Co2 and low for Co4. In a study measuring the occlusal force of each tooth using a gnathodynamometer, Howell et al. reported that this biting force was particularly high for the molars 16) . As the load applied via the teeth increases, the preferred Y-axis orientation is estimated to be greater. In the present study, however, this preferred orientation was low for the molar region represented by Co4. On the other hand, Ide et al. reported that the thickness of buccal cortical bone in the mandible increased in the molar region 17) , while Ash et al. reported that the thickness of the interalveolar septum in the mandibular alveolar part was thinner 238 Tomoharu Mitsui et al.: Biological Apatite Crystallite Alignment in Mandible Cortical Bone between the first and second premolars and thicker between the second premolar and first molar and between the first and second molars, and that an excellent macrostructure was responsible for the root of the first molar fitting inside the alveolar part 18) . These reports describe the mandible as being shaped like a horseshoe, and that the mechanical environment of the surrounding macrostructure has difficulty developing in the premolar region located close to the flexure of this horseshoe and is therefore complemented by the nanostructure by enhancing BAp orientation. Meanwhile, in the molar region with its stable macrostructure, there is an adequate mechanical environment, suggesting that there is no need for it to be complemented by a nanostructure that enhances BAp orientation. The important role of the molar region has already been documented in clinical research 19) , and the basic perspective of this research also indicates that it is a mechanically stable region.
The preferential X-axis orientation was lowest for Co1 and highest for Co3. Ogai et al. reported that eliminating occlusal force diminishes the BAp alignment in the occlusal direction and increases BAp alignment in the mesiodistal direction of the alveolar part 20, 21) . In the present study, differences in the loading applied via premolars and molars were believed to be responsible for differences in BAp orientation in the mesiodistal direction.
The results for Factor B (I/II/III/IV) showed that there was a strong preferential Y-axis orientation for II and a weak preferential X-axis orientation. This finding suggests that occlusal force applied via the teeth is transmitted to buccal cortical bone through the buccal apical root, and that the BAp orientation responds to mechanical stress and exhibits an orientation that is preferentially aligned in the direction of occlusal pressure. The preferential Xaxis orientation was low for I and II and high for IV. This result indicates that mandibular cortical bone surrounding the lingual apical side is close to the mylohyoid line and has the appearance of the long bone, and that it is involved in maintaining the horseshoe shape of the mandible.
Correlation between BAp orientation and BMD values
BMD did not exhibit any significant differences in any of the measurement areas. However, the BAp orientation of both Factors A and B exhibited a significant difference for the X-and Y-axes. This result implies that assessing BAp orientation of bone quality is effective in the evaluation of local sites. Our investigation of the correlation between BAp orientation and BMD values did not show any relationship between the two, either on the X-, Y-or Zaxes. This lack of correlation is consistent with the study by Furuya et al. and shows that BAp crystal orientation is unrelated to BMD regardless of the axial direction and that each of these parameters is independent 15) . Moreover, previous studies have reported that there is no correlation between the mechanical function marker of Young's modulus and BMD 22, 23) , and that there is a correlation From the results of this study, quantitative evaluation of BAp crystallite orientations in the mandibular cortical bone has been revealed to be an effective parameter regarding the local loads that are applied to the human mandible. It was suggested that the distribution map of BAp crystallite orientations in the mandibular cortical bone based on this study would be valuable for planning the prosthodontic treatment in molar and/or premolar regions.
